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Abstract 
 
This study of methane pyrolysis was designed to look at carbon deposition on the internal 
reactor and wafer surface during CH4 pyrolysis.  The rate of carbon deposition on the internal 
reactor surfaces cold be reduced with: lower methane/oxygen ratios, shorter residence times 
and lower temperatures. The type of carbon formed appeared to have a significant effect on the 
pyrolysis process. Pyrolytic carbon with a lower order structure produces a higher selectivity 
for carbon formation compared to carbon with a higher order structure. Form a process 
perspective there are two obvious means of addressing this: deposited carbon could be 
regularly removed; and/or pyrolysis conditions are selected that produce carbon with a higher 
order structure. From the results it is very clear that any development of a commercial process 
for natural gas pyrolysis in ceramic reactor systems would have to carefully address the 
selection of reactor material.  
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Highlights 
 
1. Carbon deposition studies supply information for optimization of operation; 
2. Variables affecting the carbon deposition and structure were studied; 
3. Carbon deposition studies on different materials benefit material selection; 
4. Carbon deposition along reactor was investigated using staked wafers; 
5. Material durability was tested by a few pyrolysis/carbon oxidation cycles. 
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Introduction 
 
Acetylene (C2H2) is an important chemical not only for its welding and cutting usage, but also 
for its common application for the production of other chemicals.1 Traditionally acetylene is 
manufactured by the reaction between calcium carbide and water. It is also generated by 
thermal cracking processes of hydrocarbons such as oil or natural gas.2 The pyrolysis of natural 
gas is one of the critical processes for the manufacture of C2H2. However, the undesirable 
product, carbon, is always produced within the pyrolysis as well as combustion of hydrocarbon 
fuels including methane. Thus investigating the formation of carbon onto the reactor wall and 
those traveling with the stream of gas products has become one of the central themes of 
research activities in this area which will give us information to optimization of reaction 
conditions and guide to design of the reactors.3-5 At high temperatures methane (CH4) 
undergoes pyrolysis to form in turn, ethane (C2H6), ethylene (C2H4), acetylene (C2H2) and 
carbon, although the productions and selectivity of those compounds vary depending on the 
temperature, residence time and presence of oxidizing radicals,6-9 which has also been 
investigated carefully in this laboratory and the results will be published in a separate paper. 
 
Many types of carbon-based species are formed during the high temperature pyrolysis of 
methane. These species can be considered to fall into one of three classes: polycyclic aromatic 
hydrocarbons (PAHs), soot, and pyrolytic carbon (pyc).10,11 Generally, polycyclic aromatic 
hydrocarbons are formed as a tar-like material, the viscosity of which depends upon the 
molecular weight range of the PAH mixture. Soot is composed of solid particles formed in the 
gas phase. Each of these classes is usually found in different parts of a high temperature reactor. 
The species which travel with the gas stream, polycyclic aromatic hydrocarbons and soot, are 
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mostly collected on surfaces or traps downstream of the reactor, whereas pyrolytic carbon is 
found on surfaces in the hot zone of the reactor. 
 
A depiction of the currently accepted pathway for the formation of soot from methane is shown 
in Scheme 1. The first step on the route to soot from methane is the formation of the methyl 
radical. This radical is formed predominantly by reaction of methane with hydrogen atom 
radicals (Scheme 2). 
 
From this point a complex radical cascade ensues. Products from this cascade which are of 
particular importance in soot formation are those with the thermodynamic stability required 
to withstand pyrolysis environments, and sufficient reactivity to allow growth to larger 
structures.12 An important class of such species are resonance stabilized free radicals (RSFRs). 
RSFRs form relatively weak bonds with stable molecules compared to normal free radicals.  
                       
The mechanisms by which solid carbon is deposited from methane on solid surfaces, such as 
reactor walls, particles in fluidized beds, and catalysts, have been studied extensively.13 Solid 
carbon deposition is a homogeneous-heterogeneous reaction with both homogeneous gas 
phase chemistry and heterogeneous surface chemistry playing important roles. Solid carbon 
deposition can be broken down into growth mechanisms and nucleation mechanisms.14  
Growth mechanisms involve the chemisorption of reactive gas phase species on active sites of 
the surface. Activated small linear molecules, small rings, or larger PAHs can all initiate growth 
at active sites. These sites are generally at the edge of or at defects in the basal plane. Nucleation 
mechanisms involve the physical sorption of PAHs or soot particles onto the substrate. Unlike 
the growth mechanisms nucleation mechanisms can initiate growth on basal planes. Both 
mechanisms are a complex combination of gas-phase reactions and surface reactions.  
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Holmen and his group have done systematical research on pyrolysis of methane. They revealed 
that the production of acetylene is directly affected by pyrolysis operating variables such as 
temperature and residence time. Although longer residence time favors the yield of acetylene, 
but it may therein lead the formation of carbon because acetylene is a well-known precursor 
for the formation of polycyclic aromatic hydrocarbons (PAHs) and their growth to soot.7,15 The 
effect of reaction temperature has an obvious effect of the extent of carbon formation during 
methane conversion. Methane conversion increases with increasing temperature, along with 
carbon formation. For non-oxidative pyrolysis high yields of C2H2 (> 85 %) can be obtained at 
very high temperatures higher than (>2000 K) and short residence times (<10-2 s).7 The effect 
of hydrogen addition on gas phase carbon formation is complex. On one hand it can react with 
oxygen to give water, acting as an oxygen sink, thus making the flame richer. On the other hand 
it can react with soot precursors to prevent the growths of PAHs and soot, and it may also acts 
as a diluent .16,17 
 
The substrate also plays an important role in solid carbon deposition.13 All physical factors 
(roughness, surface energy etc.) and chemical factors (such as active sites) influence carbon 
deposition. Guéret and co-workers reported carbon formation rate on an alumina and a silicon 
carbide boat during the thermal coupling of methane at the set temperature of 1230 °C with an 
atmospheric pressure.18 These boats are located in the different position, which are 
differentiated by the temperature and the residence time. In that study, it was observed that 
the carbon deposition rate on silicon carbide was higher than that on alumina. An important 
factor in the interaction of homogeneous and heterogeneous reactions is the reactor surface 
area to volume ratio. This ratio has been shown to have a significant influence on the deposition 
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of solid carbon. The texture of deposited carbon is also found to be dependent on morphology 
of the surface.19 
 
Among potential high temperature reactor materials, quartz has the lowest melting point (1986 
K for β cristobalite20), Alumina (Al2O3) was also criticized for the lower melting point due to the 
presences of impurities. Although the melting point of pure alumina is 2323 K, it normally can 
only be used below 2273 K.21 Silicon carbide (SiC) was considered as the reactor of pyrolysis 
owing to its high melting point of 2690-3059 K and the good thermal conductivity.22 The 
behavior difference between silicon carbide and alumina as high temperature reactors has been 
identified via heat balance in our previous work.9 Zirconia (ZrO2) is certainly a candidate as a 
crystalline material which increases the melting point up to 2988 K with increasing 
temperature because of the crystal structure changes.21,23  
 
In order to better understand the nature and extent of carbon deposition during the high 
temperature pyrolysis of methane, a series of experiments were designed. In particular, we 
aimed to evaluate the impacts of various process variables on carbon formation in the pyrolysis 
reactor. The validation of reactor materials has been done and silicon carbide was identified as 
a material with desirable properties for use as a pyrolysis reactor, and hence was the main 
material used during the study. However, two other potentially suitable materials, Al2O3 and 
ZrO2 (doped with 6% Sc2O3), were also tested. It also appeared likely that periodic removal of 
deposited carbon would be required, and hence the effect of carbon removal by oxidation on 
the reactor materials was also investigated. 
 
Materials and Methods 
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Carbon deposition experiments were conducted as following. A set of 16 ceramic wafers 
(pressureless sintered α-SiC, α-alumina, or zirconia (6% Sc2O3), all supplied by Cerametec Co., 
US, Fig. 1) were cleaned using iso-propanol, oven dried at 328 K, cooled to ambient temperature, 
and then weighed. The wafers were stacked in a reactor tube of the same material, as shown in 
Fig. 1. Wafers were stacked from 26.8 cm to the outlet of the reactor tube. 
 
Experiments were conducted using an experimental reactor system described in our previous 
publication24. The feed compositions are listed in Table 1, and the experimental conditions for 
carbon deposition experiments are displayed in Table 2. The experiments are identified using 
a series of FTRts in this paper with F referring to the feed, T the temperature in K, R the rate of 
feed gas flow in standard cubic centimeters per minute (sccm), and t the deposition time in 
minutes. For example, FAT1673R3000t240 refers the pyrolysis of feed gas A at 1673 K with the flow 
rate of 3000 sccm for 240 minutes. More details of the experimental results please refer to the 
supplementary document of this paper. 
 
After the wafers had been exposed to the desired process conditions for the desired time, the 
reactor was cooled at 100 Kh-1 to room temperature under a flow of Ar (150 sccm). Once cooled 
the wafers were removed from the reactor and weighed prior to analysis.  
 
Reactor material durability experiments 
For reactor material durability experiments the reactor was prepared similar to the carbon 
deposition experiments stated above. For these experiments wafers of SiC, Al2O3 or ZrO2 (6% 
Sc2O3), as shown in Fig. 1, were used in conjunction with reactor tubes of the same material 
(except for ZrO2 which contained 10.5 % Y2O3). For these experiments the wafers were exposed 
to 24 methane pyrolysis/carbon oxidation cycles over 240 mins. Each cycle was conducted at 
1673 K and consisted of an 8 min pyrolysis period (3000 sccm of feed gas E), a 0.5 min Ar purge, 
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a 1 min carbon oxidation (2 % O2 in Ar) and finally a 0.5 min Ar purge. GC analyses of the 
product gas were performed at 7.5 mins after the beginning of each cycle. 
 
Analysis of wafer surfaces 
The surfaces of the SiC wafers were analyzed by scanning electron microscopy (SEM; FE-SEM 
Philips XL30 and JEOL JSM 7001F FEG-SEM, FEI Helios NanoLab 600 FIB-SEM) combined with 
energy disperse X-ray spectroscopy (EDXS), and micro-Raman spectroscopy (Renishaw Invia, 
λ0 = 514.5 nm). 
 
Results and discussion 
 
The focus of this study was gas-phase pyrolysis in ceramic reactors, and consequently the lines 
of investigation were chosen based on the issues that were expected to be significantly 
influenced by the choice of reactor material, specifically gas phase chemistry and carbon 
deposition. It was considered that the formation of soot and PAHs would only be influenced to 
a small extent by the choice of reactor material, and hence it was decided that previous studies 
had addressed these issues adequately.25,26  
 
Carbon deposition 
Carbon deposition experiments were conducted, as described in the section of materials and 
methods, in order to better understand the nature and extent of carbon deposition during the 
pyrolysis of methane. Conducting and comparing two experiments in which the level of one 
process variable was different, allowing the effect of different process variables to be assessed. 
For each set of experiments the extent of carbon deposition was measured, and the nature of 
the carbon formed was investigated by SEM and Raman spectroscopy. The following 
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discussions of these experiments will begin with a description of the Raman methods used, 
followed by general observations made of the Raman spectra of the pyrolytic carbon. 
 
Raman analysis 
The first- and the second-order Raman spectra for specific positions on the SiC wafers that were 
used for the Expt. FAT1673R3000t240 (feed gas A pyrolysed at 1673 K under a flow rate of 3000 
sccm for 240 minutes) are shown in Fig. 2. The spectra were normalized according to their 
peak intensity at 1352 cm-1. The first-order Raman spectra show two main peaks, the D and G 
peaks, which are located at ~1352 and ~1585 cm-1, respectively. A peak at ~2700 cm-1 was 
prominent in the second-order Raman spectra, and can be assigned to the G’ peak. While the D 
peak represents defects in carbon structure, the G and G’ peaks represent the order of 
graphitization of the carbon structure. It was found that the intensity of G and G’ peaks 
gradually increased and reached a maximum at the position of 55.1 cm along the reactor, before 
decreasing downstream. The width of the peaks, in particular the G’ peak, followed a similar 
trend and broadened with the peak intensity, representing a decrease in the structural order. 
In Fig. 2(b), the ratio ID/IG from Raman spectra was plotted. From the Tuinstra and Koenig 
relationship, the cluster size (La) is correlated with the ratio of ID/IG by the following equation 
1. 
 
ID/IG = C(λ)/La                                                    Eqn. 1 
 
where ID and IG are Raman spectrum intensities (a.u.) at D and G peaks respectively, La is the 
in-plane crystallite dimension of carbon sample in nanometers (nm), � is the excitation laser 
wavelength also in nanometers, C(λ) is a function of � referring to the situation in which the D 
band is activated in the whole of the graphene layer with C(514.5 nm) = 4.4 nm. 
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For carbon samples from Expt. FAT1673R3000t240, the crystallite size La reached 7.5 nm at 55.1 cm 
and dropped to 4.2 nm for carbon at 63.7 cm. Combining this information, it is clear that the 
carbon structure became highly crystalline towards the center of the heated zone, up to the 
position 55.1 mm, followed by a the gradual decrease in the order of the carbon structure 
downstream.  
 
The effect of the carbon/hydrogen ratio on deposited carbon 
The first process variable investigated for its effect on carbon deposition was the C/H ratio. The 
two experiments, FDT1673R3000t120 and FET1673R3000t120, represented experiments with feed gas 
C/H ratios of 0.05 and 0.08 respectively. The results of these experiments are presented in Fig. 
3 and Fig. 5. The carbon deposition results for this experiment were a little unusual in that 
although the rate of deposition was higher for FET1673R3000t120 at most points along the reactor, 
there was an anomaly at the first point measured along the reactor, where the rate for 
FDT1673R3000t120 was significantly higher. This abnormality can be explained by the effect of 
condensed polycyclic aromatic hydrocarbons and soot onto the wafer at the lowest point of the 
vertical tubular reactor during the cooling period. Moreover, we have to point out that the mass 
balances from the view of deposited carbon have big errors between repeating experiments 
because the lost in carbon balance was attributed to the deposited carbon. 
 
Raman analysis of the carbon deposited along the reactor demonstrated that in the high 
temperature zone, the pyrolytic carbon structure was more ordered for the experiment 
conducted with a lower C/H ratio.  
 
This carbon was further analyzed by TGA, and the results, including those for activated carbon 
(AC), are displayed in Fig. 4. The pyrolytic carbon samples showed higher maximum oxidation 
12 
 
rate temperatures (Tmax) in comparison to AC. The amorphous nature of AC is responsible for 
the lower Tmax, whereas the higher Tmax for the pyrolytic carbon represents a higher degree of 
graphitization in these samples. A higher Tmax was found for the pyrolytic carbon produced with 
a lower C/H ratio (FDT1673R3000t120 compared to FET1673R3000t120). The higher degree of 
graphitization from the lower C/H ratio experiment was consistent with the more ordered 
structure of the carbon, as found from the Raman analysis. However, the residence time even 
plays more significant role as the carbon produced in FET1673R1500t120 has the highest Tmax 
among these four tested samples. 
 
SEM analysis of these two experiments did not reveal any significant differences (Fig. 5except 
for fibers the diameters of  ca. 2-4 μm were observed on the reactor surfaces downstream of 
the heated zone (63.7 cm in Fig. 5). EDX analysis of these fibers demonstrated that they were 
comprised of carbon. Similar fibers have previously been observed on SiC surfaces exposed to 
the high temperature partial oxidation of CH4.24,27,28 They were demonstrated to be core-shell 
silicon oxide-carbon fibers formed by a two-step mechanism. In the first step it was proposed 
that silicon oxide nanowires were formed from species produced by oxidation of the SiC surface. 
These nanowires were then proposed to act as templates for carbon deposition. It is likely that 
a similar process occurred in this case, with one slight difference. Rather than oxidation of the 
SiC surface, the absence of gas-phase oxidant suggests that silicon oxide nanowires must have 
formed from species produced on volatilization of a silicon oxide layer present on the wafers 
and/or reactor tube prior to the experiment.  
 
The effect of the gas-phase temperature on deposited carbon 
The gas phase temperature was found to have a profound effect on both the rate and nature of 
the carbon deposition during the pyrolysis experiments. Experiments FAT1673R3000t240 and 
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FAT1773R3000t240 represented gas-phase temperatures of 1673 and 1773K, respectively. From the 
results presented in Fig. 6 the rate of carbon deposition was clearly higher for the higher 
temperature experiment, as was the order of the carbon structure formed. 
 
SEM/EDX analysis of the wafer surfaces (Fig. 7) showed that at the start of the heated zone 
little carbon had deposited, and for FAT1673R3000t240 the SiC surface could be seen, while for 
FAT1773R3000t240 silicon oxide nanowires were observed downstream of the heated zone at 63.7 
cm. The presence of such nanowires supports the theory that the carbon fibers observed for 
FDT1673R3000t120 and FET1673R3000t120 may have formed from the thickening of silicon oxide 
nanowires.27,28 
 
It is apparent from Fig. 7 that the location of carbon deposition lags the temperature profile. 
The results of a kinetic simulation of the mole fractions of methane and ethane are also 
presented in Fig. 6c. The methodology of kinetic simulations are not discussed in detail here 
due to the limit of the size and focus of this paper and will be published separately. The results 
of this simulation suggest that the gas-phase chemistry also lags the temperature profile, 
perhaps providing an explanation for the location of the deposited carbon.  
 
The effect of the residence time on deposited carbon 
Two experiments, FET1673R1500t120 and FET1673R3000t120, were conducted to probe the effect of 
residence time. The result was immediately clear when it became apparent that for the longer 
residence time experiment, FET1673R1500t120, the reactor could not be disassembled without 
breaking the wafers, due to excessive carbon deposition. Although the rate of deposition could 
not be determined for this experiment, Raman and SEM analysis of the wafer surfaces was 
possible (Fig. 8 and Fig. 9). The Raman analysis demonstrated that the longer residence time 
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produced carbon with a more ordered structure. This was supported by TGA analysis of carbon 
samples from the two experiments (Fig. 4), which showed a higher degree of graphitization for 
the longer residence time. Comparison of the SEM analyses of the wafer surfaces for the two 
experiments showed quite different surface structures. For FET1673R1500t120 (residence time = 
35 ms) the wafer surfaces downstream of the heated zone were covered by what appeared to 
be a high surface area carbon material. In contrast, for FET1673R3000t120 (residence time = 18 ms) 
the carbon surface appeared to be quite smooth, with minimal surface area. 
 
The large amount of carbon formed for FET1673R1500t120 clearly demonstrated that the rate of 
carbon growth was significantly higher for this experiment, and this appears to correlate with 
a higher surface area carbon with a less ordered structure. 
 
The effect of the time-on-stream on deposited carbon 
The effect of time-on-stream was investigated by exposing wafers to the same conditions for 
60 (FAT1773R3000t60) and 240 (FAT1773R3000t240) mins. Based on Fig. 10 and Fig. 11, the rate of 
carbon deposition was found to be significantly higher over the shorter time period, whilst 
neither the order of the carbon structure, as determined by Raman spectroscopy, nor the 
appearance, as observed by SEM, was very different. These observation may support the 
proposition that the reactor tube itself is more active for the decomposition of CH4 into carbon 
than highly ordered carbon, such as that produced under the high temperature conditions 
tested in this experiment. 
 
The effect of ethane addition on deposited carbon 
The effect of C2H6 in the feed on the pyrolytic carbon produced during pyrolysis was explored 
by exposing a set of wafers to a feed with no C2H6 present (FBT1573R1500t60) and another set to a 
feed with a CH4/C2H6 ratio of 20 (C2H6=0.9 mol%, FET1573R1500t60). Little difference was found 
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for either the rate at which pyrolytic carbon was deposited or the nature of the carbon formed 
(Fig.12 and Fig. 13). 
 
The effect of methane pyrolysis/carbon oxidation cycles on reactor material durability 
Wafer/reactor tube assemblies were used to conduct cyclic pyrolysis/oxidation experiments. 
The main purpose of these experiments was to assess the effect of the cyclic removal of 
deposited carbon by oxidation on the reactor material. However, these experiments also 
provided some insights into the nature of CH4 pyrolysis when conducted over different reactor 
materials.  
 
As this and previous studies have demonstrated, the gas-phase pyrolysis of CH4 in tubular 
reactors produces pyrolytic carbon on reactor surfaces. For a commercial process it would be 
necessary to periodically remove this carbon. Perhaps the most obvious method, oxidation, has 
been applied in the Wulff process.29 However, to the best of our knowledge, no reported studies 
have focused on the effect of pyrolysis/oxidation cycles on reactor materials at the 
temperatures required for the pyrolysis of CH4. In such a cycle the reactor material will be 
periodically subjected to a variety of extreme conditions including high temperatures, with a 
peak resulting from the oxidation of the pyrolytic carbon, and oxidizing and reducing 
atmospheres. In addition to the high temperatures the material will need to be able to 
withstand exposure to a variety of species, including solid carbon, CH4, O2, H2, CO, CO2 and 
higher hydrocarbons. It is perhaps an understatement to say that the behavior at the reactor 
surface will be complex. 
 
The surfaces of the SiC, ZrO2 and Al2O3 wafers were inspected using SEM, and representative 
images at four locations along the heated zone are shown for each of the three materials in Fig. 
16 
 
14, along with images of unused wafers. In each case significant change in the nature of the 
wafer surfaces were observed.  
 
For SiC, EDX analysis of the wafer surfaces revealed that significant oxidation had occurred. The 
surfaces, which had been located in the hottest section of the reactor, had transformed from 
what was clearly a sintered material to what looked like a continuous surface. A similar 
transformation was observed for Al2O3. For Al2O3 wafers, downstream of the heated zone the 
surfaces were covered by a nanowire network, which EDX analysis demonstrated was 
comprised of silicon oxides. A common impurity in Al2O3 is silicon, and it appears that the 
pyrolysis/oxidation cycles stripped the silicon out of the surface into the gas-phase, 
presumably in the form of silicon oxides. These gas-phase oxides then migrated with the gas-
phase to be deposited downstream in a lower temperature region, growing in the form of 
nanowires, similar to the behavior observed to have occurred for the formation of silicon oxide 
nanowires in the carbon deposition experiments as stated above.  
  
Overall observations 
This detailed study of carbon deposition under different conditions has demonstrated that 
both the nature of the pyrolytic carbon and the rate of growth can vary depending on the 
pyrolysis conditions.  
 
The CH4 conversion for the experiment conducted with a C/H ratio of 0.08 (FET1673R3000t120) 
increased significantly over time, whereas for a ratio of 0.05 (FDT1673R3000t120) it reduced 
slightly. The trends were the reverse for the C2H2 yield, although less significant (See the 
supplementary document). The carbon deposition results for these experiments 
demonstrate that the carbon formed from the higher C/H ratio was significantly less ordered, 
and that the rate of deposition was higher. Combined, these results suggest that the less 
ordered carbon formed from FET1673R3000t120 catalyzed the decomposition of CH4 to carbon. 
The more ordered carbon formed at the lower C/H ratio (FDT1673R3000t120) did not display 
this autocatalytic effect. 
 
Similar results were observed in other cases. In particular, for high temperature conditions 
that produced highly ordered carbon, such as FAT1773R3000t240, the CH4 conversion actually 
decreased with time. Such behavior supports the conclusion that highly ordered carbon does 
not catalyze the decomposition, but also raises the possibility that the SiC surface of the 
reactor tube may itself catalyze this decomposition, although less effectively that for the 
disordered pyrolytic carbon. 
 
This hypothesis was supported by the experiment in which deposited carbon was removed 
periodically, by oxidation, throughout the experiment. Comparison of the experiments for 
which carbon was either deposited throughout the experiment (FET1673R3000t120), or 
 periodically removed (FET1673R3000t120 (SiC)) demonstrates that deposited carbon was the 
main factor responsible for the changes in the CH4 conversion and C2H2 yield. 
 
Conclusion  
 
This study was instigated in order to better understand the relationships between CH4 
pyrolysis process conditions, selectivity for gaseous products, deposited carbon formation, 
and reactor material selection. The results of the study have demonstrated that the 
relationships between these factors are complex and interrelated. For example, the choice of 
reactor material affects the both the selectivity for gaseous products and carbon formation, 
while the nature of the carbon formed also affects the selectivity for gaseous products and 
the carbon formation itself. Consequently it became apparent that in addition to the factors 
initially identified, time-on-stream was also an important factor, as carbon deposition acted 
to change the nature of the reactor surfaces and consequently the selectivity for gaseous 
products and carbon. In summarizing the result of this study, emphasis will be placed on 
issues that would need to be carefully considered in designing a CH4 pyrolysis process 
and/or associated equipment. 
 
This study has demonstrated that the rate of carbon deposition on the internal reactor 
surfaces during CH4 pyrolysis is reduced with lower C/H ratios, shorter residence times, and 
lower temperatures. The type of carbon formed appears to have a significant effect on the 
pyrolysis process. Pyrolytic carbon with a lower order structure produces a higher 
selectivity for carbon formation compared to carbon with a higher order structure. From a 
process perspective there are two obvious means of addressing this: deposited carbon could 
be regularly removed, and/or pyrolysis conditions selected that produce carbon with a 
higher order structure. The former would result in a process in which any effects resulting 
 from the reactor material would be enhanced, whilst the latter is likely to be irrelevant as 
the choices regarding high C2H2 selectivity are likely to favor conditions which produce 
carbon with a higher order structure. 
 
Any development of a commercial process for CH4 pyrolysis in ceramic reactor systems 
would have to carefully address the selection of reactor material. Other studies have 
suggested that selection of reactor material is of little importance as carbon deposition on 
the internal surfaces of a pyrolysis reactor would quickly suppress any surface effects which 
were particular to the reactor material,30 however, we suggest that this may not hold true 
for processes in which carbon is regularly removed, thus constantly exposing the reactor 
surface. From the results of this study the thermal conductivity of SiC appeared attractive, as 
the high thermal conductivity ensured a shorter hot zone and consequently a higher yield of 
C2H2. However, it appears that SiC would suffer from corrosion under the high temperature 
conditions required for CH4 pyrolysis, particularly if the process involved an oxidative 
carbon removal step. Similar problems may be encountered for Al2O3, however in this case 
these problems may be eliminated by the use of high purity Al2O3. Of the three materials 
tested in the cyclic pyrolysis/oxidation experiments ZrO2 appeared to be the most resistant 
to corrosion. It is interesting to note that during the course of this study the use of ZrO2 for 
pyrolysis reactor was patented by Exxon-Mobil.21 
 
The deposition of carbon was also found to be subtly different for ZrO2. The ZrO2 appeared 
to actively oxidize deposited carbon. However, further studies would be required to validate 
and better understand this behavior.  
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 Tables: 
 
 
Table 1. Feed compositions (mol%) for carbon deposition experiments 
 
Feed CH4 C2H6 H2 He 
A 10.9 0.0 87.0 2.0 
B 19.6 0.0 78.4 2.0 
D 9.0 0.5 89.5 1.0 
E 17.9 0.9 79.2 2.0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Table 2. Carbon deposition experiments conducted 
 
T (K) 1573 1673 1773 
t (min) 60 120 30 120 240 60 240 
Feed 
gas 
Flow rate (sccm) 
              
A 3000         √ √ √ 
B 1500 √             
D 3000       √       
E 
1500 √     √       
3000   √ √ √ √     
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Scheme 1. Accepted pathway for the formation of soot from methane 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
                                                                                   
 
Scheme 2. Formation of methyl radical from methane        
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Fig. 1 (a) Ceramic wafers stacked in a reactor tube for carbon deposition and reactor 
material durability experiments. (b) Ceramic wafers, from left to right, of SiC [46.94.60.46 
mm], ZrO2 (6% Sc2O3) [46.24.40.63 mm] and Al2O3 [51.95.20.61 mm]. 
 
Fig. 2 First- (a) and second-order (b) Raman spectra of SiC wafers (FAT1673R3000t240) after 
being exposed to a 3000 sccm flow of the gas mixture A (CH4/H2=0.125) at 1673 K for 240 
min. 
 
Fig. 3 Comparison of Expts. FDT1673R3000t120 and FET1673R3000t120, for which the C/H ratios 
were 0.05 and 0.08, respectively. (a) The temperature profile along the reactor and the rate 
of carbon deposition along the reactor for the two conditions tested. (b) The intensity ratio 
of the carbon D to G peaks, R(ID/IG), from the Raman spectra at different positions along the 
reactor for the two conditions tested. 
 
Fig. 4 Temperature programmed oxidation and DTG curves for the pyrolytic carbon on the 
surface of the SiC wafers for Expts. FDT1673R3000t120, FET1673R3000t120, FET1673R1500t120, and for 
 activated carbon (AC) (note: a. carbon samples were taken from the wafers at ca. 55.1 cm; 
ramp rate for analyses was 5 K min-1. b. DTG curves from different experiments are plotted 
together for comparison purpose, thus the y-axes units don’t equal to the real numbers.). 
 
Fig. 5 Comparison of Expts. FDT1673R3000t120 and FET1673R3000t120, for which the C/H ratios 
were 0.05 and 0.08, respectively. SEM images of the wafer surfaces at different positions 
along the reactor, for the two conditions being compared. 
 
Fig. 6 Comparison of Expts. FAT1673R3000t240 and FAT1773R3000t240 for which the furnace set 
temperatures were 1673 and 1773 K, respectively. (a) The temperature profile along the 
reactor and the rate of carbon deposition along the reactor for the two conditions tested. (b) 
The intensity ratio of the carbon D to G peaks, R(ID/IG), from the Raman spectra at different 
positions along the reactor for the two conditions tested. (c) CH4 and C2H2 mole fractions 
along the reactor, as determined by kinetic simulation for FAT1773R3000t240. 
 
Fig. 7 Comparison of Expts. FAT1673R3000t240 and FAT1773R3000t240 for which the furnace set 
temperatures were 1673 and 1773K, respectively. SEM images of the wafer surfaces at 
different positions along the reactor, for the two conditions being compared. 
 
Fig. 8 Comparison of Expts. FET1673R1500t120 and FET1673R3000t120 for which the residence times 
were 35 and 18 ms, respectively. (a) The temperature profile along the reactor and the rate 
of carbon deposition along the reactor for the two conditions tested. (b) The intensity ratio 
of the carbon D to G peaks, R(ID/IG), from the Raman spectra at different positions along the 
reactor for the two conditions tested. 
 
 Fig. 9 Comparison of Expts. FET1673R1500t120 and FET1673R3000t120 for which the residence times 
were 35 and 18 ms, respectively. SEM images of the wafer surfaces at different positions 
along the reactor, for the two conditions being compared. 
 
Fig. 10 Comparison of Expts. FAT1773R3000t60 and FAT1773R3000t240 for which the wafers were 
exposed to the pyrolysis reaction for 60 and 240 mins, respectively. (a) The temperature 
profile along the reactor and the rate of carbon deposition along the reactor for the two 
conditions tested. (b) The intensity ratio of the carbon D to G peaks, R(ID/IG), from the Raman 
spectra at different positions along the reactor for the wafer surfaces exposed for different 
periods. 
 
Fig. 11 Comparison of Expts. FAT1773R3000t60 and FAT1773R3000t240 for which the wafers were 
exposed to the pyrolysis reaction for 60 and 240 mins, respectively. SEM images of the wafer 
surfaces at different positions along the reactor, for the two conditions being compared. 
 
Fig. 12 Comparison of Expts. FBT1573R1500t60 and FET1573R1500t60 for which the wafers were 
exposed to a feed gas without and with C2H6, respectively. (a) The temperature profile along 
the reactor and the rate of carbon deposition along the reactor for the two conditions tested. 
(b) The intensity ratio of the carbon D to G peaks, R(ID/IG), from the Raman spectra at 
different positions along the reactor for the wafer surfaces exposed for different periods. 
 
Fig. 13 Comparison of Expts. FBT1573R1500t60 and FET1573R1500t60 for which the wafers were 
exposed to feed gases without and with C2H6, respectively. SEM images of the wafer surfaces 
at different positions along the reactor, for the two conditions being compared. 
 
 Fig. 14 Representative images of wafer surfaces prior to use and after exposure to 24 
pyrolysis (FET1673R3000t240) /oxidation cycles. The columns represent reactor/wafer 
assemblies comprised of (a) SiC, (b) Al2O3, and (c) ZrO2. 
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